When the ␥ and ⑀ subunits were cross-linked to ␣ subunits, ATP binding in the highest affinity catalytic site was dramatically altered. This site became closed so that nucleotide (ATP or ADP) that had been bound into it prior to cross-linking was trapped and could not exchange out. Also, ATP or ADP could not enter this site, although empty, once the enzyme had been cross-linked. Finally, cross-linking of the ␥ and ⑀ to the ␣ subunits prevented the switching between cooperative binding and the state where the three catalytic sites are equivalent. We argue that the conformation of the enzyme in which the small subunits are at ␣ subunits occurs during functioning of the enzyme in the course of the rotation of ␥ and ⑀ subunits within the ␣ 3 ␤ 3 hexamer and that this may be the activated state for ATP synthesis.
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The Escherichia coli F 1 ATPase is composed of five different subunits, ␣, ␤, ␥, ␦, and ⑀, in the stoichiometry of 3:3:1:1:1 (1) . The ␣ and ␤ subunits are hexagonally arranged, alternating around a central cavity in which the ␥ subunit is located (2, 3) . The overall fold of the ␣ and ␤ subunits is similar, each has three domains, an upper (with respect to the F 0 part) ␤-sheet domain, a nucleotide binding domain of 9 ␤ strands and 9 ␣ helices, and a COOH-terminal domain which is made up of 7 ␣ helices in the ␣ subunits and 6 ␣ helices in the ␤ subunits (4). This C-terminal ␣-helical domain includes the so-called "DEL-SEED" region (residues 380 -386 in the E. coli numbering system).
The 2.8 Å structure of MF 1 shows three segments of the ␥ subunit (4) . The part of the ␥ subunit within the ring of ␣ and ␤ subunits is arranged as two ␣ helices, one contributed by the N-terminal part, the other by the C-terminal part of the polypeptide. Both stretch from within the ␣ 3 ␤ 3 domain to contribute a part of the stalk that links the F 1 part to the F 0 . A third shorter ␣ helix of the ␥ subunit (residues 82-99 in the E. coli numbering system) lies below the ␣ 3 ␤ 3 barrel. Attached at the bottom of the ECF 1 , and contributing to the stalk, is the ⑀ subunit. This subunit interacts with the ␣ 3 ␤ 3 domain at one end (5-7), the ␥ subunit through much of the length of the stalk (8, 9) , and the c subunits of the F 0 part at the other end (10, 11) .
There is an emerging consensus that the ␥ and ⑀ subunits are able to rotate with respect to the ␣ 3 ␤ 3 domain as first demonstrated in our cryoelectron microscopy studies (12) , and later by cross-linking (8, (13) (14) (15) (16) , and in fluorescence recovery of photobleaching experiments (17) . Such a rotation is a likely part of the catalytic cooperativity in which three sites alternate in hydrolyzing or synthesizing ATP (18, 19) . Rotational movements of the ␥ and ⑀ subunits can be blocked in a mutant ␤E381C:⑀S108C by CuCl 2 , which induces almost full yield cross-linking between one ␤ subunit and the ⑀ subunit (via Cys-381 of ␤ and Cys-108 of ⑀) and a second ␤ and the ␥ subunit (via Cys-381 of this ␤ and the intrinsic Cys-89 of the ␥ subunit) (14, 20) . The effect of this cross-linking is to fully inhibit ATPase activity.
Recently, a mutant ␣S411C:⑀S108C has been described, in which a Cys is introduced into the ␣ subunit at the equivalent position to Cys-381 of the ␤ subunit (14) . Under oxidizing conditions, there is cross-linking in this mutant between one ␣ and the ⑀ and a second ␣ and the ␥ subunit, again with full inhibition of activity. The mutant ␣S411C:␤E381C:⑀S108C has also been constructed. This mutant showed a nucleotide dependence of disulfide bond formation, with cross-linking of ␥ and ⑀ to ␤ subunits preferred when ADP is in catalytic sites, and cross-linking of the small subunits to ␣ subunits, predominating with ATP bound. The combination of results from these different mutants suggests that the ␥-⑀ domain rotates relative to the ␣ 3 ␤ 3 domain in 60°steps, with the dwell time on ␣ versus ␤ subunits determined by nucleotide occupancy.
In any rotational mechanism of catalysis, there should be a direct relationship between the interaction of the small subunits with the three ␣-␤ pairs and the nucleotide binding properties of their respective catalytic sites. We have recently used the mutant ␤E381C:⑀S108C to address this issue (21 over a wide range of concentrations, we were able to relate nucleotide affinities to the interaction of ␥ and ⑀ subunits with the different ␤ subunits. The high affinity site for nucleotide was localized to that ␤ subunit which fails to cross-link with ␥ or ⑀ subunits in the mutant after Cu 2ϩ treatment. The second site to be occupied by ATP was the ␤ that cross-links to the ⑀ subunit, and the lowest affinity site was on the ␤ subunit that links to the ␥ subunit.
To further explore the relationship between the positioning of the small subunits and the nucleotide-binding affinities, we have now conducted experiments in which ATP and ADP Ϯ Mg 2ϩ have been bound to mutants ␣S411C:␤Y331W:⑀S108C and ␤Y331W:␤E381C:⑀S108C both before and after cross-linking. In these experiments, advantage was taken of the introduced Trp-for-Tyr replacement in catalytic sites to monitor nucleotide binding (22) .
EXPERIMENTAL PROCEDURES
Construction of ␣S411C:␤Y331W:⑀S108C and ␤Y331W:␤E381C: ⑀S108C Mutant Strains of ECF 1 -The mutant ␣S411C:␤Y331W: ⑀S108C was constructed from a combination of an 8-kb StyI fragment containing the mutant ␣S411C:⑀S108C from pRA18 (14) with a 1-kb StyI fragment of pRA11, resulting in the plasmid pGG101. The plasmid pRA11 was generated in two steps: (i) a NsiI linker (New England Biolabs) was placed in the Acc65I site of the plasmid pSWM4 (22) containing the ␤Y331W mutation and (ii), a 4.4-kb XhpI/NsiI fragment of the modified pSWM4 plasmid was inserted in pRA12, constructed by insertion of a 5.8-kb XhoI/NsiI fragment from pRA100 (8) and pRA102, respectively, which was placed in a modified pBluescript SKϩ (Stratagene) (20) . Finally, a 5.8-kb XhoI/NsiI fragment from pGG101 was inserted in the 6.8-kb fragment obtained from pRA100 by NsiI and XhoI cleavage. The correct orientation of the mutations was determined by cleavage with the restriction enzymes NaeI/StyI. The resulting plasmid, pGG3, contained all genes encoding the ECF 1 F 0 ATPase.
The plasmid pGG1, with the mutations ␤Y331W:␤E381C:⑀S108C was generated as described previously (21) . The AN888, which is deficient in all but the a subunit of ATPase, was transformed with the plasmids pGG1 and pGG3, respectively, for expression of mutant ECF 1 . The plasmid pSWM4 was a generous gift of Dr. A. E. Senior, University of Rochester Medical Center, New York.
CuCl 2 -induced Cross-linking of ECF 1 -ECF 1 was isolated as described by Wise et al. (23) and modified by Gogol et al. (3) . The enzyme was precipitated for 1 h in 70% ammonium sulfate at 4°C, centrifuged at 15,000 ϫ g for 20 min and dissolved in 50 mM MOPS, pH 7.0, 0.5 mM EDTA, and 10% glycerol (v/v). To establish defined nucleotide conditions, the enzyme was passed through two consecutive centrifuge columns, which were equilibrated in the same buffer (8) . Cross-linking between subunits was induced by CuCl 2 as described previously (14, 20) in buffer containing 50 mM MOPS, pH 7.0, 10% glycerol (v/v) supplemented with or without 2 mM MgCl 2 and 2 mM nucleotide. For the analysis of cross-linked products, the samples were dissolved in DTTfree dissociation buffer and applied to an SDS-containing 10 -18% polyacrylamide gel (24) . Gels were stained with Coomassie Brilliant Blue R (25) .
Measurements of Nucleotide Binding-The occupation of catalytic sites by nucleotides was detected directly by the tryptophan fluorescence of the mutation ␤Y331W, according to Weber et al. (22) as modified by Grü ber and Capaldi (21) , and by difference absorption spectra induced by the interaction between TNP⅐ATP and the enzyme as described by Turina et al. (26) .
Other Methods-ATPase activity was measured with an ATP regenerating system described by Lötscher et al. (27) . Protein concentrations were determined with the BCA protein assay from Pierce.
RESULTS
The experiments described here exploit the two mutants of ECF 1 ATPase, ␤Y331W:␤E381C:⑀S108C (called here the ␤E381C mutant) and ␣S411C:␤Y331C:⑀S108C (␣S411C mutant), respectively. Each contains sites for cross-linking (see later), along with the mutation ␤Y331W, which allows nucleotide binding in catalytic sites to be followed by the fluorescence change of this introduced Trp residue (22) . When the binding of ATP was measured in the ␤E381C mutant in the presence of Mg 2ϩ , three binding sites for ATP were observed, as shown in Fig. 1A , with the first and third sites differing in binding affinities by a factor of close to 500 (Table I) . Fig. 1A also includes a titration of the fluorescence quenching on binding of ATP ϩ Mg 2ϩ to the ␣S411C mutant. There was binding of 3 mol of ATP/mol of ECF 1 with affinities similar to those obtained with the mutant containing ␤E381C (Table I ). The binding affinities of the three catalytic sites of the ␤E381C and ␣S411C mutants for ADP ϩ Mg 2ϩ are also listed in Table I . The same pattern of one high affinity site and two sites of lower, but equal affinity was obtained for both mutants.
Nucleotide catalytic site region, the two mutants each have Cys residues incorporated. The mutation ␤E381C places a Cys in the socalled DELSEED region of the ␤ subunit. The mutation ␣S411C introduces a Cys at the equivalent position to ␤E381 within the ␣ subunit. As shown in Fig. 2 , CuCl 2 treatment induces high yield cross-linking by disulfide bond formation in the ␤E381C mutant between one ␤ and the ␥ subunit (involving the Cys at 381 and intrinsic ␥ Cys-87), and a second ␤ and the ⑀ subunit (␤ Cys-381 and Cys-108 of ⑀). CuCl 2 treatment, in turn, causes cross-linking of one ␣ to the ␥ and a second to the ⑀ subunit in the ␣S411C mutant. In both mutants, there is cross-linking between an ␣ and the ␦ subunit, which has no effect on activity (14, 20) . As described previously (20) , the rate of generation of the ␤ and ⑀ and ␤ and ␥ subunit products in the mutant ␤E381C, and of ␣-⑀ and ␣-␥ products in the ␣S411C mutant (14), is highly nucleotide dependent. However, at the concentration of CuCl 2 used here, along with the time of crosslinking chosen, there was an essentially full yield of all crosslinked products under any of the nucleotide conditions chosen. This disulfide bond formation caused full inhibition of ATPase activity, which was completely recovered on addition of DTT (result not shown).
A titration of the fluorescence quenching on binding ATP ϩ Mg 2ϩ to the ␤E381C mutant after first treating the enzyme with CuCl 2 to form the ␤-␥ and ␤-⑀ cross-linked products is shown in Fig. 1A . It can be seen from these plots, and by the K d values for the three binding sites (Table I) , that the interaction of ATP ϩ Mg 2ϩ after cross-linking is very similar to that of non-cross-linked enzyme. In addition, the binding affinities of the three catalytic sites in the ␤E381C mutant for ADP ϩ Mg were not affected by prior cross-linking (Table I) , with binding affinities in the range for the second and third sites obtained with non-crosslinked enzyme from this mutant. The highest affinity site is apparently missing. The same was true on binding of ADP ϩ Mg 2ϩ , 2 mol of ADP only could be bound and with binding affinities much lower than expected for the high affinity site ( Table I ). As shown in Table I , enzyme, in which the ␣-⑀ crosslink alone had been created by using CuCl 2 concentrations and times of incubation in which disulfide bond formation between ␣ and ␥ was very slow, gave the identical results to those obtained with enzyme in which both ␣-⑀ and ␣-␥ cross-linked products were present.
Trapping of ATP in the Tight Site in the ␣S411C MutantFor the experiments described so far, enzyme was freed of tightly bound nucleotide by two Sephadex centrifuge columns prior to cross-linking and subsequent titration with ATP. In another set of experiments, cross-linking was induced by CuCl 2 addition to enzyme in the presence of ATP ϩ Mg 2ϩ . Fig. 3A shows the fluorescence spectrum of the ␣S411C mutant, which had been cross-linked in the presence of ATP ϩ Mg 2ϩ and then unbound nucleotide removed by three successive Sephadex centrifuge column steps (curve 2). For comparison, a spectrum of enzyme freed of catalytic site nucleotide (curve 1) and of mutant after binding of three moles of ATP (curve 3) are shown. These results indicate that one ATP molecule has been trapped in the enzyme by the cross-linking reaction. ADP could be similarly trapped on one catalytic site when the experiment was repeated with ADP ϩ Mg 2ϩ . A titration curve of the fluorescence quenching of the ␣S411C mutant with trapped nucleotide is presented in Fig. 1B . It can be seen that there was binding of an additional 2 mol of ATP, with binding affinities in the range for the second and third sites, but with values somewhat higher than for enzyme in which the catalytic sites were all empty at the beginning (Table I) .
To confirm that nucleotide can be trapped in the highest affinity catalytic site by cross-linking, the enzyme was loaded with TNP⅐ATP in the presence of Mg 2ϩ before Cu 2ϩ treatment. In this way, any trapped nucleotide could be identified directly by its intrinsic fluorescence. Fig. 3B compares the difference absorbance spectra of (i) the ␣S411C mutant without additions (curve 1), (ii) enzyme after binding 3 mol of TNP⅐ATP (based on a titration curve and measurement of three binding affinities as indicated in Table II (curve 2) , and (iii) enzyme cross-linked after TNP⅐ATP addition followed by three successive Sephadex centrifuge column steps to remove loosely bound nucleotide Curve 1, ␣S411C:␤Y331W:⑀S108C in the absence of substrate; curve 2, 2 mM MgATP was added to the mutant ␣S411C:␤Y331W:⑀S108C before cross-linking with 100 M CuCl 2 , and removal of unbound nucleotides by three successive Sephadex centrifuge column steps; curve 3, noncross-linked enzyme after addition of 2 mM MgATP. ex ϭ 285 nm and em ϭ 342 nm. B, absorbance difference spectra of the ␣S411C:␤Y331W: ⑀S108C ECF 1 mutant induced by addition of TNP⅐ATP. The difference spectra were recorded in a Cary 3E Spectrophotometer. The reference cell contained 500 l of buffer (MOPS, pH 7.0, and 10% glycerol (v/v)) and the sample cell contained 100 nM ECF 1 from the mutant ␣S411C: ␤Y331W:⑀S108C in the same buffer. Equal concentrations of TNP⅐ATP were added to both cells, and absorbance at 420 and 395 nm was measured alternately. The average of five spectra was taken. Curve 1, ECF 1 from the mutant ␣S411C:␤Y331W:⑀S108C before addition of TNP⅐ATP; curve 2, after addition of 0.1 mM TNP⅐ATP to the sample and to the reference, respectively; curve 3, after cross-linking in the presence of 0.1 mM TNP⅐ATP and then three consecutive Sephadex centrifuge column steps. C, effect of MgATP on the absorbance spectra of the ␣S411C:␤Y331W:⑀S108C mutant, in which TNP⅐ATP had been trapped by cross-link reaction. Absorbance spectra were recorded as described for B. Curve 1, represents the ␣S411C:␤Y331W:⑀S108C mutant, which had been cross-linked by 100 M CuCl 2 in the presence of 0.1 mM TNP⅐ATP and then subjected to three Sephadex centrifuge column steps. Finally, 10 mM MgATP was added to the enzyme; curve 2, sample in which the cross-links had been broken by 20 mM DTT for 10 min, before addition of 10 mM MgATP. 
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(curve 3). Clearly, TNP⅐ATP remained tightly bound in a catalytic site when enzyme was cross-linked with the substrate analogue present, under conditions where it is removed from non-cross-linked enzyme. Fig. 3C shows the effect of adding 10 mM ATP to enzyme in which TNP⅐ATP had been trapped by the cross-linking reaction. TNP⅐ATP remained bound in the catalytic site with no exchange with this very large excess of substrate (curve 1) until the cross-link was broken by DTT (curve 2). TNP⅐ATP also bound tightly in catalytic sites of the mutant ␤E381C (Table II) , but in contrast to the ␣S411C mutant, the high affinity site, as well as the two lower affinity sites, were emptied of the nucleotide analogue by the column centrifuge steps, even after cross-linking to form the ␤-␥ and ␤-⑀ products.
Prior Cross-linking of the ␣S411C Mutant Fixes the Enzyme Conformation-Previous studies with the mutants ␤Y331W and ␤Y331W:␤E381C:⑀S108C (21), have shown that the three catalytic sites behave identically in ATP ϩ EDTA, and have the same low binding affinities for ATP of around 100 M. As shown in Fig. 4 , the ␤E381C mutant can switch between a cooperative state (with Mg 2ϩ ) and a state in which the catalytic sites have identical low affinities (no Mg 2ϩ ) even after crosslinking (Table I) . This is not the case with the ␣S411C mutant. Before cross-linking, ATP binds to this mutant in the absence of Mg 2ϩ (EDTA present) in three sites each with binding affinity around 80 M (Table I) . After cross-linking in the absence of nucleotide, only two catalytic sites could be occupied by either ADP or ATP, and the titration curves of this binding showed the same cooperative state of the protein independent of whether Mg 2ϩ or EDTA were present (Fig. 4) .
DISCUSSION
By using mutants with a Cys for Glu replacement in the ␤ subunit at position 381, along with a Cys for Ser replacement in the ⑀ subunit at position 108, we have been able to trap a state of the enzyme in which one ␤ subunit is linked to the ␥ subunit, a second to the ⑀ subunit. With a Cys in the ␣ subunit at position 411 (the equivalent position to Glu-381 of ␤) and with a Cys at position 108 of the ⑀ subunit, a second state or conformation of ECF 1 has been obtained where ␥ and ⑀ subunits are each covalently linked to a different ␣ subunit. The population of these two states is nucleotide-dependent (14) . With uncleaved ATP present, the ␥ and ⑀ subunits are predominantly linked to ␣ subunits while, with ADP in catalytic sites, these small subunits link to, and must reside close to, ␤ subunits. These two states represent a rotation of the ␥ and ⑀ subunits with respect to the ␣ 3 ␤ 3 domain of around 60°. Inasmuch as the positioning of the small subunits closer to ␣ subunits is favored by binding of ATP, this state can be considered a high energy state which occurs transiently during the cooperative switching of the ␥ and ⑀ subunits from interactions with one ␤ subunit (or ␣-␤ pair) to another.
The results presented here show that when the small subunits are positioned next to ␣ subunits, as after cross-linking of the ␣S411C mutant, the high affinity catalytic site is closed. Nucleotide (ATP or ADP) cannot get into this site, nor can nucleotide bound in the site before cross-linking get out. This is not the case for enzyme in which the ␥ and ⑀ subunits are located at the ␤ subunits by cross-linking of the ␤E381C mutant. Then, nucleotides bind with high affinity, but all three sites can be emptied by column centrifugation after cross-linking.
There is evidence that the functioning of the F 1 ATPase is affected by nucleotide occupancy of noncatalytic sites (28, 29) (but see Wise and Senior (30) ). Rotation of the ␥ and ⑀ subunits away from ␤ subunits to interact with ␣ subunits might be expected to alter the binding affinities of the noncatalytic sites that are located predominantly on ␣ subunits (4). This has not been examined in the present work but could be studied with a mutant incorporating Cys residues for cross-linking, as here, along with the ␣R365W mutation described by Weber et al. (31) that monitors selective nucleotide binding into noncatalytic sites.
During normal functioning via an alternating site mechanism, the high affinity catalytic site would be occupied by nucleotide at all times. Under conditions for ATP synthesis, this site would contain ADP ϩ P i (ϩMg 2ϩ ). We suggest that uptake of protons during proton translocation shifts the ␥ and ⑀ subunits to switch their interactions from ␤ to ␣ subunits, generating the closed state of the high affinity catalytic site and thereby favoring the synthesis of ATP. Release of the translocated proton(s) would then relax the enzyme state by switching the small subunits back to the ␤ subunits, with concomitant release of the newly synthesized ATP.
It is interesting that covalent cross-linking of the ␥ and ⑀ subunits to ␤ subunits does not prevent the enzyme from switching between a cooperative binding of nucleotides, when Mg 2ϩ is present, and the equivalency of binding observed in the absence of Mg 2ϩ . This contrasts with the results obtained after linkage of ␥ and ⑀ to the ␣ subunits, which locks the enzyme in its cooperative nucleotide binding mode.
The high resolution structure of MF 1 shows three different conformations of the catalytic sites (4), one closed, one partly open, and one fully open, as expected for the cooperative state. This structural data suggests that opening and closing of catalytic sites involves rotation of the C-terminal domain relative to the catalytic domain. In the absence of Mg 2ϩ , when the catalytic sites are equivalent and of low affinity for nucleotides (21, 32) , presumably all are open. The results presented here indicate that rotational movements of the C-terminal domains of the ␤ subunit as a part of the opening and closing of catalytic sites can occur without release of attached ␥ and ⑀ subunits. The implication is that these domain movements of ␤ subunits alter the interaction between and/or conformations of the ␥ and ⑀ subunits, as expected if these small subunits of the stalk are the conduit for conformational coupling within the ATP synthase. FIG. 4 . Effect of EDTA on the binding of ATP to the crosslinked Y331W:␤E381C:⑀S108C and ␣S411C:␤Y331W:⑀S108C mutants. ECF 1 (100 nM) was titrated with ATP in the presence of 0.5 mM EDTA in a buffer containing 50 mM MOPS, pH 7.0, and 10% glycerol (v/v). The fluorescence studies were carried out as described in the legend to Fig. 1 . Ⅺ, titration of ATP to the cross-linked ECF 1 from the mutant ␤Y331W:␤E381C:⑀S108C; E, ATP binding of the cross-linked ␣S411C:␤Y331W:⑀S108C mutant; छ, before ATP titration the ␣S411C: ␤Y331W:⑀S108C mutant was supplemented with 2 mM MgATP, and incubated with 100 M CuCl 2 . After 2 h, the cross-linked enzyme was subjected to three Sephadex centrifuge column steps in order to remove unbound nucleotides.
